Porous ceramics based on refractory double oxides are promising for light-weight structural components and high-temperature filter materials. In this study, porous MgTi 2 O 5 ceramics with pseudobrookite-type structure have been prepared by in situ processing (viz. reactive sintering). High-temperature XRD revealed the in situ reaction behavior of the mixed powder, and indicated suitable sintering temperatures to obtain single phase MgTi 2 O 5 (²1000°C). Uniformly porous MgTi 2 O 5 ceramics with very narrow pore-size distribution at the diameter of ³1 µm were obtained by the pyrolytic reactive sintering at 10001200°C, where decomposed CO 2 gas from a carbonate source acted as an intrinsic pore forming agent. Thermal expansion behavior of bulk porous MgTi 2 O 5 (porosity: 42%) is also discussed.
Multiple oxide ceramics with orthorhombic pseudobrookitetype structure (expressed as Me 3 O 5 ) generally have low average (bulk) thermal expansion coefficients among oxides. 1) 3) In the pseudobrookite structure, one axis (a-axis in Cmcm notation, or c-axis in Bbmm) has negative or very-small thermal expansion. Such a strong expansion anisotropy induces the formation of microcracks, resulting in the low bulk thermal expansion. 1) Among pseudobrookite oxides, aluminum titanate (Al 2 TiO 5 , AT), has been most eagerly studied as a thermal-shock resistant material.
1)11) However, undoped-Al 2 TiO 5 tends to decompose into Al 2 O 3 and TiO 2 at elevated temperatures; 12), 13) due to the large distortion of MeO 6 -octahedra, Al 2 TiO 5 phase is metastable below 1200°C. Furthermore, microcracks induced by the strong thermal-expansion anisotropy gradually degrades mechanical properties.
MgTi 2 O 5 (karrooite, MT 2 ) also has orthorhombic pseudobrookite-type crystal structure and shows relatively low thermal expansion ( Table 1) . 1), 14) Since the thermal-expansion anisotropy of MgTi 2 O 5 is not so prominent as Al 2 In addition, MgTi 2 O 5 is also studied for thermistor, 25) anode material for solid oxide fuel cells, 26) pigment, 27) photocatalyst, 28) as well as on its crystal chemistry. 29),30) Thinking about its low thermal expansion, low-cost, non-toxicity, and refractory composition, MgTi 2 O 5 is a potential thermal-shock resistant material. In particular, porous MgTi 2 O 5 can be used as a light-weight high-temperature structural material and a high-temperature filter material. However, except for Al 2 O 5 were not available at that time. 31) In this paper, high-temperature X-ray diffractometry for the in situ reaction, effect of sintering temperature on microstructure, and thermal expansion behavior of porous MgTi 2 O 5 are described.
Similarly to previously reported UPC-3D (uniformly porous ceramic/composite with three dimension network structure), 33)37) carbonate is used as a starting material; decomposed CO 2 Linear thermal (basic) and TiO 2 powders (Mg:Ti = 1:2 in mole fraction) with LiF (0.5 mass % for total starting powders) were wet-ball milled in ethanol for 2 h in a planetary ball-mill (acceleration: 4g). The mixed slurry was dried and then sieved through a 150-mesh screen. The particle-size distribution of the MgCO 3 (basic)TiO 2 mixed powder was measured by a Laser diffraction particle-size analyzer (Mastersizer 2000, Malvern/Sysmex Co.). The reaction behavior of the MgCO 3 (basic)TiO 2 mixed powder (with LiF doping) was analyzed by high-temperature X-ray diffraction (HT-XRD) in an X-ray diffractometer (Multiflex, Cu-K¡, 40 kV and 40 mA, XRD, RIGAKU, Japan) with a vertical-type goniometer, in the range between room temperature and 1200°C in air. Each XRD pattern was acquired after 5 min holding at each temperature.
To obtain bulk porous MgTi 2 O 5 , the mixed powder was cold isostatically pressed at 200 MPa after mold-pressing. The green compacts with no binder, ³15 mm in diameter and ³3 mm in thickness, were sintered in air at 10001200°C for 2 h to obtain the porous MgTi 2 O 5 . The constituent phases of the bulk materials were analyzed by XRD (Cu-K¡, 40 kV and 40 mA). Prior to the powder XRD measurement, bulk porous pellets were pulverized. The microstructure of porous MgTi 2 O 5 was characterized using a scanning electron microscope (SEM, JSM-6500F, JEOL, Tokyo, Japan). The pore-size distribution was determined by mercury porosimetry (Autopore IV 9510, Micromeritics, measured at Toray Research Center, Shiga, Japan). Bulk thermal expansion behavior was evaluated by thermomechanical analysis (TMA, Bruker AXS, Germany) from room temperature to 1000°C, 10°C/min, in air. (basic) powder and TiO 2 anatase powder contain plenty of surface OH groups and adsorbed H 2 O molecules, they tend to form relatively large agglomerates/aggregates ( Fig. 1(a) ). However, with high-power ultrasonic treatment ( Fig. 1(b) ) or using ethanol suspension (Fig. 1(c) ), finer particle-size distribution were obtained. This implies that submicron to several micronsized primary particles were formed after wet planetary ball milling, and then, they tended to agglomerate/aggregate into several to several tens micrometers. From an engineering viewpoint, soft "agglomerated" particles (in ISO 14887:2000 definition 38) ) might be favorable for the powder processing. Figure 2 shows HT-XRD patterns for the MgCO 3 (basic) and TiO 2 mixed powder (Mg:Ti = 1:2 in mole fraction) doped with LiF (0.5 mass % for total starting powders). From room temperature to ³300°C, only hydromagnesite (i.e., basic MgCO 3 ) and TiO 2 anatase phases were confirmed. Around 400500°C, MgCO 3 started to decompose into MgO fine particles (see a broad peak 2ª³43°, corresponding to MgO (200) 
20)
As for the bulk pellet sintering, single-phase MgTi 2 O 5 was obtained even at 1000°C due to the cold isostatic pressing and 2-hour holding at the maximum temperature. Figure 3 shows XRD patterns for the porous MgTi 2 O 5 sintered at 10001200°C. All peaks were indexed as orthorhombic pseudobrookite-type crystal structure. In situ processing in this study was effective to obtain single-phase porous MgTi 2 O 5 (at least XRD detectionlevel).
Figures 4 and 5 show SEM micrographs and pore-size distributions of the porous MgTi 2 O 5 , respectively. Corresponding to the anisotropic crystal structure, elongated MgTi 2 O 5 grains were formed during the in situ processing. A large portion of MgTi 2 O 5 grains exhibited elongated and irregular shapes (similarly to Al 2 TiO 5 , so-called "L-shape") with apparently smooth surface. When the sintering temperature was 1200°C, the microstructure became relatively dense. All of the porous MgTi 2 O 5 had very narrow pore-size distribution with a mean size of ³1¯m (Fig. 5) , in good agreement with the SEM observation (Fig. 4) . Table 2 summarizes the pore structure of the porous MgTi 2 O 5 . From these data, the porosity can be controlled (³2050%) by changing the sintering temperature, with keeping the pore size of ³1¯m. The pore-size of ³1¯m will be useful both for structural component applications (i.e., without large defects) and for fine-particle filter applications (e.g., PM2.5 or smaller). Considering about the very narrow pore-size distribution, this material can be also used as a standard for porosimetry measurement. As for hot-gas filtration (for a coal gas plant or diesel engine), the pore size must be larger (at ³10¯m). The pore size should be controlled e.g., by the addition e: Porosity, P = 100 V P (sample mass/sample volume). of sacrificial pore-forming agent or by the use of coarse raw materials. Thermal expansion behavior of porous MgTi 2 O 5 sintered at 1100°C (porosity: 42%) is given in Fig. 6 and Table 3 . For the cyclic measurement, maximum temperatures were 850°C for first and second runs, and 1000°C for the third run. As can be seen from Fig. 6(a) , expansionshrinkage hysteresis loop was rather small for each run, and the three curves were almost overlapped. This result suggested that the microcrack formation was not remarkable for the porous MgTi 2 O 5 sintered at 1100°C, in good agreement with Fig. 4(b) . Linear thermal expansion between 40 to 1000°C was 0.654%, which is close to the reported value of dense MgTi 2 O 5 with the grain size of ³5¯m.
14) The linear thermal expansion, 6.82 © 10 ¹6 /K at 1000°C, is relatively small as oxide, but not so small as "negative," "zero" or "ultra-low" thermal expansion materials. In order to remarkably reduce the thermal expansion of pure MgTi 2 O 5 , further grain growth (e.g., 1020¯m) and resulting microcrack formation (such as Al 2 TiO 5 ) are expedient solutions.
2) Besides, anisotropic grain alignment reported earlier by Daimon 20) is another useful approach. Various bulk shaping techniques to obtain anisotropic porous microstructure are promising for this purpose.
In this paper, in situ processing, microstructure and thermal expansion behavior of porous MgTi 2 O 5 were presented. Singlephase porous MgTi 2 O 5 ceramics with very narrow pore-size distribution at ³1.0¯m were successfully prepared by one-step reactive sintering. The porosity was controllable between 20 and 50% only by changing the sintering temperature with almost keeping the pore size. The linear thermal expansion of porous MgTi 2 O 5 sintered at 1100°C (porosity: 42%) was 6.82 © 10 ¹6 /K at 1000°C. Reference temperature: 40.0°C.
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